The angular momentum misalignment for fragments produced in deep inelastic scattering is discussed in terms of the thermal excitation of angular-momentum-bearing modes in the intermediate complex.
Introduction
In heavy ion collisions leading to deep inelastic reactions one observes the formation of a partially equilibrated, relatively shortlived intermediate complex, or dinuclear system. 1 During the collision, angular momentum is transferred from orbital motion to intrinsic rotation. 2~5 Furthermore, additional angular momentum can be generated in the two nuclei by the excitation of angular-momentumbearing modes of the intermediate complex. 6 Several determinations of the magnitude of the transferred angular momentum have been performed, mostly by measuring the associated gamma ray multiplicities, both as a function of the Q value and of the exit channel mass asymmetry. 2 -5 There is, in general, an increase of the transferred angular momentum with increasing Q value. 2 Frequently the secular equilibrium limit of rigid rotation seems to be attained. 4 ' 5 This is especially clear in reactions involving narrow ~-windows, where the characteristic rise of the total fragment spin with increasing exit channel asymmetry has been observed. 4 ' 5 Just as interesting as the magnitude of the transferred angular momentum is its alignment. Angular momentum misalignment occurs when in-plane components of the angular momentum are present. These components can be generated either directly by some unknown feature of the reaction mechanism, or can be associated with thermal fluctuations of the angular~momentum-bearing modes of the intermediate complex. Assuming that these angular momentum distributions are gaussian, we have derived analytical, pocket-size expressions for the angular distributions of sequential light particle emission and fission, specifically accounting for neutron competition effects. The detailed form of the in and out-of-plane angular distributions is discussed.
Similarly, expressions for the angular distributions for the gamma rays both of El and E2 multipolarities are derived.
In both cases semiclassical approximations have been adopted. While these expressions are quite genera-l, as they depend only on the Gaussian distribution of the three angular momentum components, it is instructive to apply these equations to a specific model. In partieular the results of the statistical model are used to perform calculations for specific reactions and to compare the results with the corresponding experimental data.
Statistical Excitation of Angular Momentum Bearing Modes
Let us consider a frame of reference where the z axis is parallel to the entrance-channel angular momentum, the x axis is parallel to the recoil direction of one of the fragments, and they axis is perpendicular to the z,x plane.
A misalignment of the fragment angular momentum arises when non-vanishing x and y components of the fragment angular momentum are present. Among the possible sources of these components, the thermal excitation of angular momentum-bearing modes of the intermediate complex appears very likely and can be readily investigated. 6
If the intermediate complex is assumed to have the shape of two equal touching spheres, the angular momentum bearing normal modes are easily identifiable. In fig. 1 In a recent work, the statistical mechanical aspects of the excitation of these modes has been studied in detail. Here we report only the relevant conclusions. 6
The thermal excitation of these collective modes leads to Gaussian distributions in the three components Ix, Iy• Iz• namely: (1) where:
The quantity~1 is the moment of inertia of one of the two touching spheres, and T is the temperature.
The assumption of two equal touching spheres is admittedly schematic. However, the generalization to two equal touching spheroids or for that matter to an arbitrary symmetric scission configuration is completely trivial and left to the readers wno may have a better idea about the fragment deformation at the scission configuration. Specifically, for any given K, the particle decay width can be written as:
where ro is an angular momentum independent quantity; T is the
, .j 1 are the principal moments of inertia of the decaying system with particle and residual nucleus ju in contact, about an axis parallel and perpendicular to the disintegration axis respectively;~~c is the moment of inertia of the compound nucleus.
Similarly, the neutron decay width, integrated over all the neutron emission directions is (4) In this expression~N =~R + llR 2 , corresponding to-Jl 1 in eq. (3), is the sum of the moment of inertia of the residual nucleus after neutron decay and the orbital moment of inertia of the neutron at the surface of the nucleus, Let us now express the particle decay width in terms of the emission angle a measured with respect to the angular momentum direction.
Since K = I cosa and dK Id(cosa.)
Idr~, we obtain:
If the angular momentum has an arbitrary orientation with respect to our chosen frame of reference, defined by its components Ix, Iy, I
2 , the angular distribution can be easily rewritten by noticing that K where n is a unit vector pointing the direction of particle emission with polar angles e,¢. If the orientation of the angular momentum is controlled by the distribution
we can integrate over the distribution of orientations and we obtain, dropping angular momentum independent factors: 16
where:
In the above expression (7) we have set Iz = I, in other words we have averaged over the orientation but we have allowed the decay width to depend only upon the average angular momentum set equal to its z component. This expression should then be considered only as a high angular momentum limit (cr/I << 1).
The final angular distribution is obtained by integration over the fragment angular momentum distribution which we assume to reflect the entrance channel angular momentum distribution through the rigid rotation condition: W(e,¢)
where (10)
The quantityjn is the moment of inertia of the nucleus after neutron emission,J 1 is the perpendicular moment of inertia of the critical shape for the decay (e.g., saddle point),l4
It is important to notice that the angular momentum dependence of the particle/neutron competition or fission/neutron competition is explicitly taken into account through e. This point seems to have been neglected in recent work on sequential decay.
The final ingredient necessary for an explicit calculation of the angular distributions is the quantity K~. This quantity can be expressed in terms of the principal moments of inertia of the critical configuration for the decay: (13) For fissionJeff can be taken from the liquid drop calculations. 16
For lighter particle emission, the calculation ofjeff can be worked out trivially. Let m, M, A be the masses of the light, residual and total nucleus. One obtains:
where r and R are the radii of the light particle and residual nucleus respectively. 10 This result is adequate if m << M and if the charge of the light particle is small. If the charge of the light particle is not negligible, one has to consider the shape polarization induced on the heavy fragment at the ridge point, as discussed in ref.
14. Since the shape polarization affects the asymptotic kinetic energy of the emitted particle as well, one can in principle utilize the particle kinetic energy spectra to verify that the shape of the system at the ridge point and its principal moments of inertia have been properly chosen. 7
Again a more complete discussion on this point is available in ref.
14.
Calculations of sequential fission angular distributions performed with a special combination of semiclassical and quantum mechanical approaches are described in ref. 17 . In these calculations no neutron competition is accounted for, nor angular momentum fluctuations about the z axis. We shall point out the effect of neglecting these aspects of the problem later-on. Now we are in the position to calculate both in-plane and out-ofplane anisotropies.
The in plane anisotropy gives:
Since in most cases K~ is fairly large, or at least comparable with a~ or a~, it is difficult to obtain a sizable in-plane anisotropy.
Even by letting ax = 0 one needs a~ 3 K~ just to obtain the anisotropy of 2! The out-of-plane anisotropy is somewhat more complicated: For a fixed angular momentum I one has: (15) W(e = go•)
W(e = 0°)
11
For the usual angular momentum distribution one obtaines:
At ~ = 90' the anisotropy is obtained from the above equations by interchanging ox with cry.
Some Calculations for Sequential Fission and Alpha Decay and Comparison with Data
The results obtained above can be illustrated by applying them to a reaction which has been experimentally investigated. We choose the reaction 600 MeV 86 Kr + Au. 11 For this reaction we estimate ~sphl.ileff We have stressed already that the competition between fission and neutron decay must be dealt with specifically because of the strong dependence of rF upon angular momentum. This is illustrated in fig. 3 where we have set a~ = a~= a~ = 110 h 2 and we have assumed 
Gamma ray angular distributions
Fragments with large amounts of angular momentum are expected to dispose of it mainly by stretched E2 decay. The relative amounts of dipole and quadrupole radiation depend mainly upon the ability of the nucleus to remain a good rotor over the whole angular momentum range.
If the angular momentum of the fragment is aligned, the typical angular pattern of the quadrupole radiation should be observed. Any misalignment should decrease the sharpness of the angular distribution.
If the distribution of the angular momentum components Ix, IY, 1 2 is statistical, it is straightforward to derive analytical expressions for the angular distributions.
For a perfectly aligned system we have: 5 4 W(a) = 4 (1 -COS a) ( 17) for El for E2
If the angular momentum is not aligned with the z axis, one must W(e,¢) = Jw(a) P(l) dl (19) It is not possible to obtain exact analytical expression for the general case. allows one to obtain expressions in closed form.
For the dipole decay we have:
Notice that there is no dependence upon a;. In the case in which ox= cry= cr, we obtain the simplified expression: A weak in~plane anisotropy is possible:
The out~of-plane anisotropy is:
For the quadrupole decay we have: Thus, no second order term exists. This result shows that its is very difficult to study anisotropies in the angular momentum misalignment by means of y-ray angular distribution.
The range of validity of the above expressions is rather limited due to the low order expansion. In particular, the equations should 2 -2 not be trusted for o /Iz > 0.05. 2 2 However. if we are willing to assume ox= cry a then an exact result can be obtained.
For the E1 distribution one obtains:
For the E2 distribution one obtains: fairly good experimental idea of the amount of E1 radiation to be expected from a given fragment and of its degree of stretching, the measurement of the anisotropy yields directly the value of cr 2 ti 2 , which is of course the most direct information about the misalignment.
It goes without saying that if one is to deal with a distribution of fragment spins, the angular distribution associated with each spin I should be weighted by a factor proportional to I in order to account for the fact that each nucleus with spin I emits about I/2 gamma rays all with essentially the same angular distribution.
Application to Experimental x-Ray Angular Distributions
An interesting measurement has been carried out for the reaction 10 1400 MeV 165 Ho + 165 Ho. This system was chosen because large amounts of angular momentum can be transferred into the intrinsic spin (I) of these nuclei. which are known to have good rotational properties. As a consequence. both of the essentially identical DI-fragments emit similar continuum x-ray spectra which are strongly enriched in E2 transitions (-80 percent). The ratio of in-plane to out-of-plane y-ray yield ( 11 anisotropy 11 ) for energies between 0.6 and 1.2 MeV (squares) is shown in fig. Z(b) .
This anisotropy rises with increasing spin transfer; it peaks at a value of -2.2, slightly before the spin saturates, and then drops to near unity for large Q-values. The squares represent the data in the lab system, the triangles the data in the center of mass of the Au-like fragment. The dots represent the non fissioning Au-like recoils. 
